This review covers topics related to the synthesis of nanoparticles, the anodic and cathodic electrochemical reactions and low temperature electrochemical energy devices. The thermodynamic aspects of nucleation and growth of nanoparticles are discussed. Different methods of chemical synthesis such as w/o microemulsion, B ö nnemann, polyol and carbonyl are presented. How the electrochemical reactions take place on the surface of the catalytic nanoparticles and the importance of the substrate is put in evidence. The use of nanomaterials in low temperature energy devices such as H 2 /O 2 polymer electrolyte or proton exchange membrane fuel cell (PEMFC) and micro-direct methanol fuel cell ( μ DMFC), as well as recent progress and durability, is discussed. Special attention is given to the novel laminar fl ow fuel cell (LFFC). This review starts with the genesis of catalytic nanoparticles, continues with the surface electrochemical reactions that occur on them, and fi nally it discusses their application in electrochemical energy devices such as low temperature fuel cells or Li-air batteries.
Introduction

1.
Electrochemical energy devices have been known since the 1800s, when the Italian physicist Alessandro Volta invented the galvanic cell or " voltaic pile " . Thereafter, huge progress has been made in the development of devices for electrochemical energy conversion. As an example, a discovery by Mond and Langer [1] in 1889 showed that the increase of surface area of platinum electrodes in a coal gas/air fuel cell would enhance the current. This discovery boosted the new research a Present address: Institute of Technical Thermodynamics/ Electrochemical Energy Technology, German Aerospace Center (DLR), Pfaffenwaldring 38-40, 70569 Stuttgart, Germany area of the synthesis of divided materials. The development of materials at a nanometer scale [2 -4] and the discovery of new ones [5, 6] during the past two decades paved the way to the development of low temperature energy devices. Such systems include polymer electrolyte or proton exchange membrane fuel cells (PEMFCs), micro-direct methanol fuel cells ( μ DMFC), laminar fl ow fuel cells (LFFCs) and Li-air batteries. The physicochemical properties of nanomaterials differ from their bulk equivalents so that the modifi ed behavior of these nano-objects is of special interest in the fi eld of electrocatalysis where activated charge transfer electrochemical reactions occur solely at the surface of such nanostructured materials. As a consequence, it is clear that catalytic properties of a nanodivided material not only depend on the chemical nature of the surface but also on their shape and size. These morphological parameters are interdependent. An important research activity devoted to the development of new methods of synthesis aiming at controlling the metallic atoms assemblies at the nanometer scale has been undertaken during the past three decades. Although catalytic electrochemical reactions occur at the surface of nanoparticles, the substrate also plays an important role in the performance of the electrochemical reactions, mass transport and conduction of charge generated from the reactions. The substrate prevents the agglomeration of nanoparticles, it increases their active surface area, and it also modifi es the electronic properties, which is a crucial step in the mechanism of electrochemical surface reactions. All the aforementioned aspects will be discussed in detail in this work, going from the genesis of the nanoparticles to the fi nal application in a device that converts chemical energy into electricity. The aim of this work is to present processes and methods for tailoring nanocatalysts for some electrochemical energy conversion systems such as low temperature fuel cells and Li-air batteries. In this review, we show how nanotechnology can be used to increase the output power of the electrochemical device using less amounts of materials.
Section 2 deals with the interest of metallic nanoparticles in the electrocatalysis fi eld. Section 3 presents some thermodynamic aspects related to the nucleation and growth of nanoparticles. Additionally, this section presents some largely employed chemical methods for obtaining nanocatalysts. Section 4 deals with electrocatalytic aspects related to the oxidation of organic molecules and the reduction of molecular oxygen, also known as oxygen reduction reaction (ORR). As a consequence, all the concepts presented herein are used to develop both electrodes of fuel cell technologies and the cathode for Li-air batteries. Finally, sections 5 and 6 present the application of the previously developed notions to the generation of electrochemical energy and the currently encountered diffi culties. Li-air batteries are low temperature electrochemical energy devices that are currently being supported with large amounts of resources and efforts. Given the importance of ORR for these systems, as well for PEMFCs, μ DMFCs and LFFCs, we have dedicated a subsection to the cathodes of Li-air batteries. The diagram in Figure 1 summarizes the main topics covered in this review.
Metallic nanoparticles: their interest for 2. electrocatalytic applications
Nanoparticles are materials that have an application in heterogeneous catalysis and consequently in electrocatalysis. The unique properties of these nano-objects are mainly due to their high surface-to-volume ratio. It is well known that as the particles decrease in size, the number of reacting sites increases which is of interest for catalytic applications [7] . The reactivity is also modifi ed as the relative ratio of catalytic sites is changed. Particularly, the relative number of edge and corner sites changes in addition to the ratio of crystallographic planes [8] . Additionally, as the size of nanoparticles reaches a few nanometers ( < 5 nm), the electronic and structural properties of these objects are greatly modifi ed. The decrease in size implies a modifi cation of the coordination number of surface atoms and consequently d -d orbital interactions are affected. In this regard, a contraction of the metal-metal bond length [9] is responsible for hybridization of a weaker number of wave functions of valence electrons [10] . This considerably affects the position of the d-band center in transition metals. As a result, the density of states, near the Fermi level of noble metal based catalysts, is modifi ed. Based on these facts, several years ago, the Norskov group has developed the " d-band theory " [11 -13] . This theory assumes that electronic states of the valence band are responsible for the reactivity on the surface of the nanoparticles. As a consequence, there is clear evidence that surface reactivity is not only determined by the chemical nature of the investigated metal but also by the properties of individual catalytic sites. Moreover, this theory predicts that the position of the d-band center for a given metal determines the binding energy of a given adsorbate and is very useful in explaining the reactivity of some metal alloys [14, 15] . Finally, the crystallographic structure of nanoparticles is also affected by their size. For example, in the case of noble metals, which crystallize in a face-centered cubic lattice, the equilibrium shape is a truncated octahedron. However, decahedral-or icosahedral-like shaped nanoparticles are observed at small sizes [16, 17] . This fact is of great interest for electrocatalysis because a change in shape implies a modifi cation of the ratio of surface crystallographic planes, leading to a different reactivity.
Synthesis of nanoparticles for electrocatalytic 3. applications
Two approaches are presently used to synthesize nanoparticles. The fi rst one is the " bottom-up " pathway. This approach consists of building nanoparticles by assembling single atoms implying reduction/decomposition of metallic chemical precursors leading to the formation of nanoparticles from the aggregation of atoms. The second pathway, not discussed herein, is the " top-down " one, which consists of dividing bulk materials to particles. The " top-down " pathway includes energy intensive physical methods (high energy ball-milling, gas phase processes), which often involve the use of large amounts of matter. Moreover, acquiring size and shape control of synthesized nanoparticles needs a deep understanding of the synthesis process. Particularly, the tailoring of nanoparticles with uniform size is clearly related to the crystallization process (nucleation and growth steps). In this regard, thermodynamic aspects related to the formation of nanoparticles will be described.
Nucleation and particle growth: thermodynamic 3.
aspects
Generally, nucleation occurs solely when the solute concentration reaches a value for which the solution is supersaturated, allowing the precipitation process [18] . Different types of the nucleation process can be identifi ed, namely, homogeneous, heterogeneous, and secondary nucleation. In the next subsections, on the basis of classical nucleation theory, an itemized description of each process will be given.
Homogeneous nucleation
Homogeneous nucleation only occurs in the absence of a solid interface. It takes place in unstable supersaturated solutions [18] . The change of Gibbs free energy ( Δ G ) of the system generated by the formation of a nucleus can be described by using two competing parameters. The fi rst one is related to the creation of a new volume ( Δ G v ) and the second one is associated with the formation of a new surface ( Δ G s ). Figure 2 shows a scheme of how the overall free energy ( Δ G ) evolves during the formation of a nucleus.
In the case of spherical nuclei Δ G can be described as follows [19] :
where r is the radius of the nuclei, R = 8. 
In this expression, the parameters governing the nucleation phenomenon are the surface free energy γ , the [ M ] s /[ M ] eq ratio, and the reaction temperature, T . These three parameters can indeed affect the rate of nucleation and the magnitude of the activation barrier. Both conditions are necessary to obtain stable nuclei.
Heterogeneous nucleation
During the process of heterogeneous nucleation, the nuclei are formed on the surface of a substrate, being either an impurity or a phase boundary. This latter phenomenon requires less energy than the homogeneous one [20] . In fact, the height of the nucleation barrier is affected by the heterogeneities. At these sites, the surface energy is low. The effi ciency of the heterogeneity can be estimated taking into account parameters such as lattice mismatch or surface roughness. It is generally considered that the evolution of Gibb ' s free energy ( Δ G heterogenous ) can be described [21] as follows:
where Δ G homogenous is the overall free energy for homogeneous nucleation and f a function of the contact angle θ . The numerical value of f ( θ ) is lower than 1. The critical radius is considered to be the same for heterogeneous and homogeneous nuclei [21] . It is worth noting that very few studies take into account the microscopic parameters to model the interaction between the surface of the heterogeneity and the crystallizing fl uid.
Secondary nucleation
Secondary nucleation is a much more complicated approach and it takes place after the formation of primary seeds. It clearly has various origins. Firstly, in stirred media, the shock between crystals and release of crystalline dusts can lead to the production of new nuclei. Another source of new seeds is the adjacent layer to the solid-liquid interface. Some models have been developed to qualitatively describe the structure of this layer [22] . Quantitative models only consider this type of nucleation as a consequence of bidimensional growth and this process is described with theories related to the formation of seeds on a solid surface.
Strategic routes to synthesize growth-controlled
nanoparticles According to the LaMer and Dinegar model [23] , formation of nanoparticles occurs in two steps: nucleation and growth. Such formation is represented by the curve I in Figure 3 . When the supersaturation decreases below a critical value, nucleation stops and particles begin to grow by the addition of matter as long as the concentration of solute reaches the equilibrium concentration. During the growth process, small particles (with a radius just superior to the critical one) grow faster than the larger ones due to their huge thermodynamic driving force [18] . The fi rst process corresponds to diffusional growth, which occurs until depletion of reactants. The second one corresponds to aggregation of the smallest subunits after classical nucleation and growth steps. This is presented in curve II of Figure 3 .
The third growth process is presented in curve III of Figure 3 . After multiple nucleation events the growth of particles occurs by Ostwald ripening. It corresponds to a selfsharpening growth process. This phenomenon can be clearly described by the Gibbs-Thomson equation [25] :
with C ( r ) being solubility of a particle with a radius r , C 0 is solubility of the bulk phase, T is temperature, V m is molar volume, and γ is surface energy. From Eq. (4), it is clear that solubility of the particles is dependent on their size. During the Ostwald ripening phenomenon, the larger particles continue to grow whilst the smaller ones become smaller and eventually can dissolve if their size falls below the critical radius. At a further stage a discrimination of the size of the particles takes place. Moreover, from Figure 3 we observe that the rate of the process clearly decreases as particle size increases. As a result, the obtained size distributions are broad and multimodal most of the time. The modes are centered at high size values and others are focused on low size values.
To obtain a good monodispersion in size, it is considered as essential to temporally separate the step of nucleation from that of growth [26] even if the three previously presented growth processes (see Figure 3) can lead to the formation of uniform particles [24] . One of the most used synthetic routes to achieve this separation is the seed-mediated growth technique. In this method, preformed nuclei are introduced into the reactor and particles grow by precipitation of the precursor on the surface of the seed. Particles are formed by heterogeneous nucleation avoiding the homogeneous process [27] . Other techniques, such as injection of precursor into a hot solution [28] or heating up the batch reactor [29] , have also been developed to synthesize size-controlled nanoparticles with a uniform size distribution. The fi rst technique consists of quickly adding the chemical precursor into a hot solution containing a stabilizing agent. As a result, a high degree of supersaturation is rapidly reached before the nucleation rate decreases. The " heating up " method is slightly different as all the reactants are mixed together and the reactor is heated up until precipitation begins.
Another challenge consists of developing synthesis methods that are able to provide not only size-controlled particles but also shape-controlled particles. The main remaining diffi culty lies in the low selectivity of the synthesis methods. The control of the shape of nanoparticles requires the control of the kinetic and thermodynamic parameters of the system. Using additives, varying the temperature or changing the concentration of reactants can tune up the thermodynamic parameters. The surface energy of nanoparticles needs to be taken into account to explain, predict and control the faceting occurring during the growth of metallic nanoparticles. The equilibrium shape of a nanoparticle in free space is defi ned by minimizing its surface energy. This latter assertion is a conclusion of Wullf ' s theorem [30] . As a consequence, if the synthesized material possesses an isotropic surface energy, its equilibrium shape is a sphere [31] .
In the case of noble metals, which crystallize in a face-centered cubic lattice, the anisotropy of surface energy γ results in the formation of particles with specifi c geometric shapes minimizing the surface free energy. In the case of face-centered cubic crystals, the surface energy of low index planes can be classifi ed as follows:
the equilibrium shape of the particles is a truncated octahedron exhibiting six squared (100) faces and eight hexagonal (111) faces [32] . If this latter condition is not satisfi ed, there is formation of (110) domains at the edges [32] . Defects such as stacking faults and twins, which modify the shape of nanoparticles, can be included during the growth step. The twinning phenomenon is especially encountered in the synthesis of noble metal particles [33] , because they are materials with low stacking fault energy [34] . Two types of twinning phenomena can be observed: lamellar twinning and cyclic twinning [35] . Lamellar twinning consists of the formation of successive parallel twin planes. Basically, lamellar twinning has a kinetic origin and often it results in the aggregation of small particles. Cyclic twinning has a thermodynamic origin and induces the growth of nanoparticles with icosahedral-and decahedral-like shapes. The junction of several tetrahedral forms these nanoparticles. As a consequence of the geometric generated space gap, the nanoparticles suffer from high internal stress leading to deformation of the crystals. However, the high mean internal strain is compensated by exposure of low energy planes. Formation of these types of particles is only possible if the following relationship is right [21, 31, 36] :
where γ ′ and γ are, respectively, surface free energies of nanoparticles with and without twins, γ twin is surface energy due to formation of a twin plane, and γ strain is surface energy induced by lattice distortion.
Synthesis methods of nanoparticles by chemical 3.2. solution deposition processes
In this section, a non-exhaustive review of different synthesis methods allowing the preparation of surface-surfactant free metallic nanoparticles is given. Indeed, a required condition to elaborate electrocatalysts with a high active surface area is that this surface must be free of organic contaminants. Thus, removal of surfactant molecules from all catalytic sites without modifying structural properties of the nanoparticle is still a great challenge.
To obtain acceptable electrochemical performances it is necessary to make a good choice of the synthesis method. Stabilization of the particles must be achieved by the use of organic molecules, which are easily removable via a " soft cleaning process " .
3.2.1. Water-in-oil microemulsion This method was initially developed for the synthesis of platinum nanoparticles. Boutonnet et al. reported, for the fi rst time in 1982, the use of w/o microemulsions to synthesize metallic nanoparticles [4] . More recently, w/o microemulsions have been used to synthesize one-metal center nanoparticles of Pd, Au and Pt [37] , as well as two-metal centers such as Pt-Ru [38] , Pt-Pd [39] and Pt-Au [40] .
A microemulsion results from the mixing and shaking of two non-miscible liquids. The suspension is maintained thermodynamically stable due to the presence of a surfactant molecule. According to Capek [37] , when the surfactant concentration exceeds the critical micellar concentration, reverse micelles can be formed. These reverse micelles act as microreactors, allowing the stabilization of water droplets in an oil phase. Thus, the mixing of two microemulsions, one containing the metallic precursors (microemulsion I) and the other one with the reducing agent (microemulsion II), leads to the formation of metallic nanoparticles. The precursors and the reducing agent have to be in aqueous phase. The reduction process occurs because of the collision between water droplets, which is accompanied by exchange of intramicellar media. The synthesis process has been deeply described by Capek [37] and is summarized by the scheme shown in Figure 4 . The nucleation of nanoparticles as well as the growth process occurs inside the micelles. Consequently, the properties of the micelles are directly responsible for the size of nanoparticles.
To give a comprehensive explanation of the formation of nanoparticles, two models have been proposed [41] . The fi rst one, based on the model of Lamer [23] , assumes that the fi rst step corresponds to the nucleation process. Then, the process of growth of nanoparticles occurs. The model supposes that size of nanoparticles continuously increases with the micellar precursor concentration. The second model is based on the thermodynamic stabilization of nanoparticles due to the surfactant molecules. Numerical simulations suggest that the two different mechanisms coexist according to the concentration of reactants [42] . At high concentrations the nucleation and growth step occur successively, whereas at low concentrations two processes take place simultaneously. These simulations also showed that particles begin to grow by autocatalytic effect before growing by coalescence of nuclei (Ostwald ripening). The different parameters affecting the properties of micelles and consequently the size of nanoparticles have been identifi ed [43] . The water-to-surfactant ratio is responsible for considerably modifying the size of the micelles. The size increases when adding water and decreases with the addition of more surfactant, which results in the formation of a higher number of micelles. Another important parameter in the synthesis of metallic nanoparticles by the w/o microemulsion technique is the chemical nature of the surfactant molecule. The use of an ionic surfactant, for example, sodium bis(2-ethylhexyl) sulfosuccinate, could lead to the existence of electrostatic repulsion between reactants contained inside the micelle and the surface of the micelle itself. This coulombic interaction provokes overconcentration of areas that are responsible for modifying the nucleation rate. This phenomenon can be avoided by using a non-ionic surfactant (Brij ® 30). The nature of the surfactant as well as the olefi n used infl uence the properties of the micellar fi lm, which directly determines water solubility in the micellar medium [44] , thus noticeably affecting the rate of intermicellar exchanges [42] . Finally, the nature of the reducing agent is also a key parameter, which needs to be taken into account because it states the rate of the nucleation step. The most common reducing agents are hydrazine [4] or sodium borohydride [38] .
B ö nnemann method
This colloidal method was developed and described by B ö nnemann and coworkers [3, 45] and has been extensively used to synthesize highly active nanocatalysts, which can be used in heterogeneous catalysis. It has been widely used for the synthesis of monodisperse platinum-based nanoparticles for electrocatalysis.
The method can be described as follows: anhydrous metallic precursors are solubilized into an organic solvent, which is tetrahydrofuran (THF) before being treated with the reducing agent (alkylammonium organoborate). Formation of the colloidal suspension takes place according to the following equation:
where M is the metal, X is a halogen element (Cl, Br), n = 2, 3, and R is the alkyl chain, which can contain from 4 up to 20 carbon atoms. The B ö nnemann method does not require an external stabilizing agent because the ammonium salt produced during the reduction process plays the role of the surfactant molecule.
Polyol method
The polyol method was initially devoted to the synthesis of cobalt and nickel particles [46] . It was later developed for the synthesis of platinum-based nanocatalysts [47] . This process uses the reductive properties of polyol molecules such as ethylene glycol and glycerol, which also play the role of solvents. The most commonly used polyol is ethylene glycol (EG). Metallic salts are solubilized into an EG solvent in which sodium hydroxide was previously dissolved to increase the pH value. The oxide or hydroxide species are formed afterwards. Later the dehydration of the EG molecule into acetaldehyde, Eq. (7), is responsible for reduction of metallic precursors into metal ( M ), Eq. (9). The whole process can be described by the following equations [47] :
As can be seen from Eq. (8), the acid base reaction leads to the formation of glycolate ions during the synthesis process. These ions allow the stabilization of the metallic particles because the ions adsorb onto metallic surfaces. As a result, this synthesis method does not need the use of a surfactant molecule and therefore it is an interesting way to obtain " electrochemically clean " nanomaterials.
Carbonyl method
This method of synthesis is very useful for the synthesis of clean and size-controlled electrocatalysts. The carbonyl method [48, 49] takes advantage of the reactivity of metal carbonyls in solvents to obtain metallic clusters. It has been used to synthesize Ru [50] or Pt-based catalysts for electrocatalytic purposes. Figure 5 shows a scheme of all the steps for the synthesis of Pt nanoparticles supported on carbon Vulcan XC-72. In short, platinum carbonyl [Pt 3 (CO) 6 ] 5 2-is prepared by mixing specifi c quantities of Na 2 PtCl 6 × 6H 2 O with sodium acetate (mol ratio of NaAc/Pt = 6) in methanol solution under CO atmosphere, for 24 h. Thereafter, activated carbon Vulcan XC-72 is added to the above solution and stirred for another 12 h under nitrogen atmosphere. The fi nal product, nanostructured Pt/C, is washed, fi ltered and dried. A transmission electron microscopy (TEM) image is shown at the end of these steps in the scheme of Figure 5 . The Pt nanoparticles are very well dispersed on the carbon substrate and they have a uniform particle size of 2.0 ± 0.9 nm.
Anodic and cathodic reactions 4.
Electrocatalysis was introduced during the 1960s to study electrochemical reactions occurring in a fuel cell. A fuel cell is an electrochemical device capable of converting chemical energy into electric energy. This conversion takes place because of oxidation of a fuel at the anode and reduction of an oxidant at the cathode. Currently, numerous types of fuel cells exist, which differ from each other by their working temperature, their delivered power density, and the fuel they use. In section 5 different types of low temperature fuel cells will be discussed. In this review, only hydrogen (H 2 ), methanol (CH 3 OH), formic acid (HCOOH) and glucose (C 6 H 12 O 6 ) are taken into account as fuels. These organics are of great interest because their related thermodynamic data offers promising perspectives for fuel cell applications (see Table 1 ). Table 1 , glucose is of special interest because it is a non-toxic, cheap, primary fuel. It is directly obtained from biomass and there is no need of additional chemical transformations. However, all fuel cell technologies that use the fuels presented in Table 1 need effi cient nanostructured catalysts capable of improving the kinetics of fuel increasing oxidation current densities and minimization of overpotentials. The development of these nanostructured catalysts is still in progress. Electrocatalytic issues associated with the use of each fuel will be discussed in the following section.
Oxidation of small organics 4.1.
Methanol and formic acid oxidation
Electrooxidation of methanol has been extensively studied in the past years for DMFC. It was rapidly shown that platinum was the best one-metal center material to oxidize methanol in acidic medium [54 -56] . The oxidation mechanism can be described as shown in the scheme of Figure 6 . On the surface of platinum, the complete oxidation of methanol into CO 2 is achieved according to a dual path mechanism. Initially, the direct pathway does not involve the formation CO ads species and therefore the indirect pathway leads to the formation of CO ads . The direct pathway may also involve the formation of side products, such as formaldehyde or formic acid [57, 58] , resulting from incomplete oxidation of methanol (see Figure 6 ). The fi rst step of the mechanism is adsorption of methanol at low overpotentials, immediately followed by its dehydrogenation. This second step involves three neighboring platinum sites [59] and generates formation of CHO ads . This latter intermediate is unstable and rapidly leads to formation of CO ads , which is the major cause of poisoning Pt during the catalytic process. Water adsorption in the vicinity of the blocked catalytic site allows oxidation of CO ads to CO 2 . Summing up, the determining rate step of the oxidation process is the oxidation of adsorbed CO [60 -62] .
The addition of a second metal to platinum allows the water adsorption in the vicinity of the poisoned catalytic site. Among several possibilities, the synthesis of Pt-Ru nanoparticles has been extensively investigated [63] . This type of catalyst shows a bifunctional mechanism in which platinum is responsible for dehydrogenation of methanol and ruthenium provides OH species in the vicinity of platinum sites. These species allow the oxidation of CO-like species into CO 2 at Table 1 Thermodynamic data associated with complete combustion of fuel in pure oxygen accompanied with exchange of n electrons.
Fuel
Chemical formula M /g mol -1 lower potentials than on monometallic surfaces. To synthesize this Pt-Ru based materials, different synthetic routes have been investigated such as the colloidal synthesis method [64, 65] , microwave irradiation [66] , electrodeposition [67] or microemulsions [68] . Other bimetallic nanomaterials such as Au-Pt nanoparticles have been used to oxidize methanol. In the case of Au-Pt catalyst, a synergistic effect could occur between gold and platinum depending on the synthesis method [69, 70] . As a result, a shift of the d -band center of platinum may occur. This shift is evidence for a weaker Pt-CO bond [71] and consequently the kinetics towards methanol oxidation is improved.
Formic acid is an interesting fuel for fuel cell technologies because contrary to methanol it is non-toxic and exhibits a low crossover [72] in direct formic acid fuel cells (DFAFCs). The phenomenon of fuel crossover will be discussed in subsection 5.2. The electrochemical oxidation of HCOOH on platinum surfaces leads to the formation of CO 2 . As for CH 3 OH, the reaction involves a dual pathway mechanism. The direct mechanism (dehydrogenation of formic acid) occurs without involving CO ads -like species, whereas the indirect pathway (dehydration of formic acid) implies the formation of CO poisoning species [73, 74] . In this regard, catalysts capable of improving the oxidation kinetics of formic acid in acidic media are of the same chemical nature than those used to oxidize methanol.
Glucose oxidation
Numerous studies concerning electro-oxidation of glucose are currently being carried out. Glucose is a cheap primary fuel possessing a high energy density of 4430 Wh kg -1 [51] . Assuming the exchange of 24 electrons per glucose molecule, the electrochemical oxidation of C 6 H 12 O 6 leads to the formation of CO 2 . Nevertheless, the complete oxidation of glucose has never been achieved and it often leads to the formation of gluconic acid accompanied by the exchange of only two electrons according to:
Moreover, the process of oxidation of C 6 H 12 O 6 is enhanced in alkaline medium. This enhancement is clearly related to the mutarotation equilibrium and can be correlated with the predominance of β -d -glucose anomer in alkaline medium. This later seems to be the most active form among the d -glucose anomers [75] . The chemical structure of the anomers is shown in Figure 7 . The origin of the singular activity of the β -d -glucose anomer has been associated with its favorable geometry.
Most of the studies on the electrochemical oxidation of glucose are devoted to understanding the reaction mechanism on platinum surfaces [76, 77] . As previously mentioned, oxidation of glucose on platinum mostly leads to formation of the two-electron oxidation product, which is gluconic acid [77, 78] . The surface reaction involves a dehydrogenation step of the anomeric carbon [79] of glucose molecule which occurs at very low overpotentials (i.e., 0.2 V vs. RHE). The low overpotential oxidation process is of great interest for fuel cell applications. However, platinum surfaces are very sensitive to poisoning with chemisorbed intermediate species [80, 81] , resulting in poor reaction kinetics. To enhance oxidation rate, the surface of Pt was modifi ed by heavy atoms such as Tl, Pb, Bi, W [82] . The kinetics of electro-oxidation of glucose can also be improved on Pt nanoparticles alloyed with Rh, Pd, Pb, Au [76] or Bi, Ru, Sn [83] . The second metal is capable of either maintaining the activity of platinum or providing an oxygenated species that allows desorption of poisonous species. Furthermore, the use of Au-Pt nanoparticles has been extensively studied [70, 84] . It has been demonstrated that a synergistic effect between gold and platinum was responsible for increasing the rate of catalytic reactions [85] . The nanoparticles of Au-Pt have been synthesized either by microemulsion [84] , co-deposition of metallic salts [86] and colloidal route [87] .
Oxygen reduction reaction (ORR) 4.2.
The ORR is very complex and involves a number of different adsorbate intermediates [88, 89] . This process is considered to be one of the most important electrochemical processes due to its central role in electrochemical energy conversion devices. Furthermore, molecular oxygen represents the most convenient and abundant oxidant for conversion of solid, liquid and gas fuels. For many years it has been the focus of interest to the low temperature fuel cell (cf. sections 5.1, 5.2, 5.3) as well as battery community (cf. section 5.4); fi rst, in the context of alkaline fuel cell research, then phosphoric acid fuel cells and Zn/air batteries, and then in the domain of polymer electrolyte membrane fuel cells. The challenges in the study of the ORR continue to be the establishment of the reaction mechanism [90] as well as the identifi cation of a highly active and stable catalyst material in nanodivided form [21, 91 -95] . At the fuel cell cathodes the oxygen reduction reaction is intrinsically slow and highly irreversible, thus leading to a high activation polarization, which drastically reduces the cell voltage, hence, the effi ciency of the system (cf. sections 5.1, 5.2). Unlike on well-defi ned catalyst materials, carbon supported nanocatalysts on the basis of platinum group metals (PGMs) as well as non-platinum group metals (NPGMs) have been devised. Within these groups, the precious metal group (PMG) [96, 97] and the non-precious metal group (NPMG) [98, 99] are established. The electronic property of the supported catalytic centers either one-or twometals (nanoalloys) will determine the degree of selectivity or tolerance to small organics for the ORR process (cf. sections 5.1, 5.2, 5.3). As recently reviewed [91] , the charge transfer of the overall ORR, Eq. (14), will depend on the electrolyte nature and on the catalyst centers, and the generation of intermediate species can be depicted by a series of reactions leading to the product of hydrogen peroxide [90] .
where any catalytic site is represented by " ⋅ " . This mechanism involves the production of hydrogen peroxide, Eq. (11c). Indeed, analysis of most PMG or NPMG supported nanodivided catalyst materials reveal that the ORR proceeds in an associative process, and that the increased amount of detected hydrogen peroxide is related to the decrease of catalyst loading or site density [91] .
Catalyst support 4.3.
The support for the catalytic nanoparticles plays an important role on performance and stability of PEMFCs. The catalytic nanoparticles of the electrodes of the PEMFCs are usually supported on electronic conducting substrates such as nanostructured carbon [92, 100 -107] and carbon nanotubes [108 -111] . In the next subsections, different supports for catalytic nanoparticles are presented and discussed.
Traditional carbon-based supports
Carbon black based support, namely Vulcan XC-72, is the most widely used catalyst support due to its high surface area and good electronic conductivity. However, carbon is highly reactive and oxidizes to CO 2 [112, 113] :
Furthermore, carbon Vulcan XC-72 corrodes electrochemically at 0.96 V vs. RHE [114] , which is lower than the overpotential for the ORR in acidic media. This reaction occurs at the cathode of a PEMFC. Indeed, the cathode of a PEMFC can reach potentials higher than 1 V and therefore, at the cathode, the atoms of carbon at the interface with platinum oxidize to produce CO 2 . Consequently, the Pt nanoparticles move or dissolve in the H 2 O produced by the PEMFC. This negative effect results in agglomeration of the metal nanoparticles and the electrochemical active surface (EAS) is diminished. The aftermath is a dramatic loss in the performance of the PEMFC over time [115, 116] .
Novel supports for catalytic nanoparticles of the cathode of a PEMFC have thus to be developed. The most suitable catalyst support is expected to have good electronic conductivity and high electrochemical stability, that is, resistance to corrosion. Basically, the requirements that a catalyst support has to meet are: High electrical conductivity [117] .
• Strong interaction with the catalytic nanoparticles, that is, • strong metal-support interaction (SMSI) [118 -120] . This interaction improves the electrocatalytic activity of the metal nanoparticles towards the ORR.
Triple phase boundary and large surface area [117] . Indeed, • the support has to have a mesoporous structure to enable the Nafi on ® ionomer, the catalyst and the polymer membrane to come close to the reactants. Resistant to electrochemical corrosion ( • E corr higher than 1.2 V vs. RHE). The corrosion phenomenon occurs mostly during the startup and shutdown processes [121] . Good water management with the capability to avoid • fl ooding.
Research on supports for catalytic nanoparticles has been • focused on three categories of materials: ceramics, carbon nanotubes and more recently graphene. substrate for Pt nanoparticles, improve the electrocatalytic activity and tolerance of the metal. Indeed, nanostructured Pt supported on these composites, i.e., Pt/TiO 2 /C and Pt/WO x /C, has a higher activity for the ORR than Pt/C alone [120, 148 -150] .
Ceramics
Furthermore, by using ultraviolet (UV) radiation, it is possible to deposit metallic nanoparticles on TiO 2 -C support [120, 131, 151] . This method is widely known as photodeposition. To prepare Pt/TiO 2 /C catalyst, the composite substrate TiO 2 /C is dispersed in argon-saturated water in a photoreactor provided with an optical quartz window. A scheme of the system is shown in Figure 9 A. The reaction solution contains isopropanol and H 2 PtCl 6 × 6H 2 O. This compound works as a platinum precursor. The solution is kept under stirring for 3 h and illuminated with a Xenon lamp, which is rich in UV radiation. The electron-hole pairs are photogenerated via UV irradiation on TiO 2 present in the substrate composite. Thus, [PtCl 6 ] 2-is reduced to platinum, Pt 0 . Generation of the charge carriers is possible because the UV photons have higher energy than the band gap of TiO 2 (anatase), which is 3.2 eV. The isopropanol molecules serve as sacrifi cing electron donors. The proposed reaction mechanism is presented in Figure 9B , where it is schematized that the UV-isopropanol excitation channel is also possible. A SMSI takes place and the activity of the metal nanoparticles towards the ORR is enhanced [119, 120] . Recently, it has been reported that nanoparticles of Pd supported on C-modifi ed by TiO 2 (rutile) have higher activity than Pd/C for the oxidation of HCOOH [152] .
It is worth noting that deposition of Pt nanoparticles essentially occurs on the TiO 2 surface. Enhancement of ORR activity in half-cell measurements is refl ected by an increase of power density of a single hydrogen/oxygen (H 2 / O 2 ) PEMFC, see Figure 8C . However, improvement in performance is obtained only with low charges of Pt/TiO 2 /C as mass transport in the composite TiO 2 /C is not as effi cient as in C alone. Finally, tolerance to CO [133, 139, 141, 153] and CH 3 OH [131 -134, 147, 154, 155] poisoning of Pt supported on the TiO 2 is also greatly improved.
Carbon nanotubes Carbon nanotubes (MWCNTs)
have been widely studied as a support of electrocatalytic nanoparticles [108, 156 -163] . This material has a wide electrochemical potential window, good stability and large surface area [111, 164] . Additionally, the electrocatalytic performance is enhanced [165] due to the enhanced electron transfer characteristics of CNT [166, 167] . Thus, MWCNTs become a promising alternative as a support for electrocatalysts.
Graphene
Graphene has extraordinary physical, electronic, optical, mechanical, thermal and chemical properties [168 -174] . This novel material has become the most promising support for electrocatalytic [175 -177] and photocatalytic [178 -181] nanoparticles. Moreover, as corrosion is one of the most critical issues in fuel cells, graphene can be used to prevent corrosion of Cu and Ni substrates [182, 183] . Nanocrystals of Co 3 O 4 grown on reduced graphene oxide have been reported as a high performance bifunctional catalyst for the ORR and oxygen evolution reaction (OER) [176] . Furthermore, manganese cobalt spinel MnCo 2 O 4 /graphene hybrid is an even better electrocatalyst for the ORR in alkaline conditions [184] . The same group from Stanford University has also synthesized Co 1-x S/RGO catalyst [177] . The strong electrochemical coupling of the RGO support with the Co 1-x S nanoparticles renders remarkable high ORR catalytic activity and tolerance to methanol. In short, from the viewpoint of the application as a support for nanoparticles for electrochemical energy conversion, graphene may allow to avoid, once and for all, the presence of platinum in the PEMFC.
Concerning the large-scale production of graphene, chemical vapor deposition (CVD) of graphene using Cu as the catalyst is the most common method for synthesizing single layer of high quality graphene over large areas [185] . Graphene has also been grown by the CVD method on stainless steel substrates [186, 187] . Rapid progress in terms of large area deposition of thin fi lms via transfer onto plastic and glass substrates has been taking place in the past few years [188, 189] . A large network of universities and corporations such as Samsung and SanDisk are putting great efforts in the mass production of graphene [188 -190] .
Application of nanoparticles in some 5. electrochemical energy systems
Increasing global consumption of energy urges to address environmental and technological challenges in the very close future [191] . Fuel cells have very low or even zero emission of harmful greenhouse gases such as CO 2 , NO x , SO x , etc. [117] . Therefore, these electrochemical systems are good candidates for solving some of the current environmental issues. The most common elements used in low temperature fuel cells are collected in Figure 10 . The H 2 and the O 2 are delivered to the cathode and anode of the H 2 /O 2 PEMFC, respectively. The gases are carried and distributed by the bipolar plates. The H 2 and O 2 diffuse afterwards towards the electrodes through a gas diffusion layer (GDL). The baking layer or current collectors gather the generated electricity. Sometimes this element is omitted if the used GDL is carbon paper. Several layers of micro-and nanostructures comprise the heart of a fuel cell: the membrane electrode assembly (MEA). The MEA is made of one catalyst layer for the anode, the proton exchange membrane and another catalyst layer for the cathode. All the elements of the cathode of the H 2 /O 2 PEMFC and the ORR process onto Pt nanoparticles are also schematically represented in Figure  10 . The components and usual materials of a H 2 /O 2 PEMFC are listed in Table 2 .
Two electrochemical fuel cell reactions take place at the anode and at the cathode. Thermodynamically, at the anode the hydrogen oxidation occurs according to [192] :
The protons H + are exchanged through a humidifi ed polymer electrolyte membrane (PEM), which is usually Nafi on ® , developed by DuPont. At the cathode, the oxygen reduces to produce water:
The water fl ows out through the cathode GDL and is carried out the cell along the fl ow channels of the bipolar plates. The overall electrochemical reaction in a single H 2 /O 2 PEMFC is expected to deliver a cell voltage of 1.229 V. It is worth noting that the performance of a single cell alone cannot be employed to predict the performance of a stack due to the coupling of stack size with heat and mass transfer [193, 194] .
The H 2 /O 2 PEMFC is mostly used in vehicles for transportation purposes. Several fuel cell vehicles (FCVs) such as GM Hydrogen 1, XTERRA FCV, Toyota FCHV, Honda FCX clarity, etc., are already being tested. This later vehicle is offered for $600 per month (3-year lease) to selected customers ( http://automobiles.honda.com/fcx-clarity/ ). Most of the fuel cell automobiles are being tested in California as it has the most developed infrastructure for H 2 fueling. Several reviews about PEMFC technology are continuously written every year. One of the most recent ones is a review by Wang et al. on technology, applications and needs on fundamental research of PEMFC [195] . There are other compilations about the use of PEMFC FCVs [196] long-term stability and degradation [113, 121, 197 -200] , precious and non-precious catalysts [201 -206] , support for catalysts [117] , GDLs [207] , current collectors, bipolar plates [168, 208] , stack manufacturing and testing [209, 210] , etc.
To date, the two main barriers to overcome commercialization of the H 2 /O 2 PEMFC are [195] The scarcity of Pt and its high cost have led to the development of alternative Pt-free catalysts for fuel cell applications [202 -204] . Figure 11 shows the time evolution and status of costs of the PEMFC components, as well as what is expected for 2015.
The other major obstacle of the H 2 /O 2 PEMFC being accepted as a commercially viable product is durability [113, 197] . Practically all the components of the PEMFC, bipolar plates, GDL, Pt-free catalysts, catalyst support and membrane, are not stable for long periods. Table 3 presents degradation causes of the components of a H 2 /O 2 PEMFC. A solution, which is still under development, for durability issues is also given in the third column of Table 3 . Apart from structural, mechanical, thermal and other technical issues such as the CO (present in ppm in H 2 ) poisoning of Pt, corrosion is the greatest challenge to address. Additionally, electrode fl ooding is a critical issue that affects operation of a fuel cell for long periods.
Durability issues concern the components of MEA [113, 197 -200, 212] . Degradation mainly occurs during the startup and shutdown processes [121] . By contrast, the Values represent high volume cost projections (500,000 units/year) Figure 11 Current status of the costs of the components of a hydrogen/oxygen polymer electrolyte fuel cell (H 2 /O 2 PEMFC) [211] . Nafi on ® membrane is poisoned by metal anions from corrosion of metallic bipolar plates. Bipolar plates are key components of the H 2 /O 2 PEMFC as they account for signifi cant fractions of their weight and cost. Metallic materials have advantages over graphite-based bipolar plates, due to higher mechanical strength and better electrical conductivity. However, corrosion resistance is a major concern that remains to be solved as metals may develop oxide layers that increase electrical resistivity, thus lowering fuel cell effi ciency [208, 213] .
Micro-DMFC 5.2.
DMFC is a low temperature electrochemical energy device that uses methanol as fuel and oxygen as oxidant to generate electricity. The system uses methanol directly, i.e., without being reformed. Basically, the DMFC has the same components as that of a H 2 /O 2 PEMFC, but the materials used are different, especially for the anode (see fourth column of Table 2 ).
The working principle of a DMFC can be described as follows. As for H 2 /O 2 PEMFC, two electrochemical reactions also take place in the electrodes of the DMFC. At the anode, methanol is catalytically oxidized, without previous reformation, according to [192] :
The protons H + are exchanged in the electrolyte, a wet PEM which usually is Nafi on ® . At the cathode, the oxygen is catalytically reduced to produce water:
Therefore, the overall electrochemical reaction in a single DMFC is:
Initially, DMFCs were intended for transportation purposes. However, application of these systems in portable devices is what has motivated an increasing focus on research and development. Hence, the dimensions of the DMFC have been greatly reduced until having a μ DMFC. Figure 12 A shows an example of a μ DMFC with current collectors made of SU-8, which is a typical material used in the fabrication of micro-electromechanical systems (MEMS). Figure 12B presents the current potential characteristics of the device operating at different temperatures and with different concentrations of methanol. The μ DMFC are in most cases airbreathing. The μ DMFC have already been used in portable electronic devices [215 -219] , cell phones [220] and robots [221] . Several reviews concerning μ DMFC technology, challenges and technical issues have been published [222, 223] .
Commercialization of passive μ DMFCs is still hindered by a number of diffi culties, namely, high cost, low activity and selectivity of the catalysts [224, 225] , water management [226] , fuel crossover [227 -233] through the PEM and of course the microfabrication itself [215, 223] . One of the most critical issues in μ DMFCs is the limitation of using highly concentrated methanol [234] . Usually, the μ DMFC has to use fuel at 4 m , thus power pack density decreases and consequently their chances to effi ciently power portable electronics is reduced [234] . To overcome the issue of fuel crossover, a thicker membrane has to be used [235] or its properties have to be modifi ed [236] .
Laminar fl ow fuel cells 5.3.
In the past decade, an alternative to μ DMFC for powering portable devices has attracted the interest of the research community. It is the so-called microfl uidic fuel cell [237, 238] . Several reviews and book chapters have been written about this power source [239 -242] . The microfl uidic fuel cell was developed for the fi rst time in Harvard by Whitesides and coworkers [243] . Figure 13 A shows a scheme of the fi rst microfl uidic fuel cell. This system was of the type " Y " and used the redox couple VO 2 + /VO 2 + to generate electricity. More details of the working principle of microfl uidic fuel cells will be given in the following paragraphs. The Kenis group and the company INI Power Systems have made remarkable improvements to the fuel cell system [237, 238, 245 -260] . Additionally, microfl uidic fuel cells have been widely studied from a modeling approach [238, 261, 262] . More recently, the Kjeang group [239, 241, 242, 263] , the Alonso-Vante group [131, 264 -266] , the H. Wang group [263, 267, 268] and the C. Wang group [269] have also contributed signifi cantly to the development of microfl uidic fuel cells.
The microfl uidic fuel cell is also widely known as laminar (LFFC) [237, 259] . In a recent work we have named it membraneless micro fuel cell, because the major characteristics include lack of a polymer membrane and microfabricated components. The lack of a polymer membrane allows the LFFC to use a large variety of fuels [256] including hydrogen [247, 253] , methanol [246, 248, 251, 255] , ethanol [260] , formic acid [131, 264, 265] , sodium borohydride, hydrazine [250, 260] and glucose [270] . Table 4 lists various examples of LFFCs with different fuels, electrolytes (acid or basic medium) and the generated power densities. Indeed, LFFCs have very promising capabilities to solve many of the technical diffi culties currently present in μ DMFC [239, 240] .
The working principle of the microfl uidic fuel cell is based on the science of microfl uidics of laminar fl ows. The laminar Gold/sputtering Gold/sputtering 0.11 [270] The electrodes, anode and cathode, and maximum power density achieved are also indicated.
fl ows are streams in which the components fl ow in parallel without being mixed. The nature of the fl uid depends on the number of Reynolds, which characterizes the inertial forces with respect to viscosity:
where ρ , the volumetric mass or density of the fl uid, is in kg m -3 ; U is the average fl ow speed in m s -1 ; D h , the hydraulic diameter, is in m; μ , the kinematic viscosity, is in m 2 s -1 . Additionally, the number of P é clet characterizes the nature of mass transport. This number represents the ratio between the transfer by convection and the transfer by diffusion:
with D , the coeffi cient of diffusion, in m 2 s -1 . A fl ow with number of Reynolds of < 2000 will have a laminar regime. In this case, the lines of fl ow current are parallel and well defi ned.
The velocity of a particle of the fl uid can be calculated according to the Navier-Stokes equation:
where p is pressure, u is velocity of a particle of the fl uid, t is temporal and parameter f is body forces per unit of volume.
In particular, Eq. (21) allows the description and prediction of the motion of the fl uids at the microscale, i.e., microfl uidics. In general, the instabilities in a fl uid are directly associated with the non-linear term ( u + ∇ u ), which represents the inertial mass transport by convection. Moreover, for an incompressible fl uid with constant density, the conservation of mass follows the equation of continuity:
The motion of the fl uid, resulting from solving Eq. (21) with Eq. (22) and Eq. (19) , has a parabolic, fl at and uniform profi le of fl ow speed. Thus, the streams that fl ow through a channel of micrometric dimensions ( D h < 1000 μ m) behave differently to those that fl ow in the domestic pipelines or hurricanes. Summarizing, at a micrometric level, there are no turbulences. This laminar regime of the fl uids can be used to replace the physical polymer membrane of the fuel cells such as H 2 /O 2 PEMFC or μ DMFC.
Reactants of the electrochemical energy device, i.e., fuel and oxidant, are carried without mixing two streams that fl ow in parallel along a microchannel. Thus, the stream containing the oxidant (O 2 ) fl ows on top of the cathode. This is called the catholyte. The system is called air-breathing LFFC when it takes the oxygen directly from air [237] . Figure 13B schematizes an air-breathing LFFC. The stream containing the fuel (CH 3 OH, CH 3 CH 2 OH, HCOOH, glucose, etc.) fl ows on top of the anode and it is called the anolythe. The protons diffuse through the liquid interface (diffuse mixing) [239, 253, 263] between these two laminar fl ows. Thus, a microfl uidic or laminar fl ow fuel cell without a physical membrane is conceived.
However, as for μ DMFCs, the phenomenon of fuel crossover when high concentrated fuel is used also occurs with LFFCs. The fuel gradually crosses from the catholyte to the anolythe through the diffusive mixing region. The width of this diffusive mixing region can be calculated according to the expression [239] :
where h is the channel height, y is the distance the fl uid fl ows downstream, and U is the average fl ow speed. A mixed potential, resulting from the simultaneous oxidation of the fuel and the reduction of molecular oxygen (ORR) at the cathode, is produced. The mixed potential reduces the overall performance of the LFFC. The fuel crossover can be reduced increasing the fl ow speed of the catholyte [239] or using a nanoporous separator placed between the streams [246, 251] , see Figure 13B . The nanoporous separator reduces the gradient of diffusion of fuel but increases the internal resistance of the LFFC. The negative effect becomes more evident when using a micro-pump to recycle the reactants. The fl uids are recycled, as it is not expected that neither the electrolyte nor the unreacted fuel is going to be wasted.
Additionally, the reduction of the dimensions of the LFFC is highly restricted [229, 238] . Sprague et al. have shown that when fueling (0.1 m ) a LFFC with a single-channel 50 μ m wide, the two streams become completely mixed (100 % fuel crossover) after 5 mm of distance from the inlet [229] . When increasing the length of the microchannel and reducing the width, a negative effect of the fuel crossover becomes even worse [229, 238, 261] . To overcome the detrimental effect of fuel crossover that occurs at the interface of the anolythe and the catholyte, tolerant chalcogenide catalyst such as CoSe 2 [271, 272] , Pt x Se y [273] , Pt x S y [274] and Ru x Se y [275 -277] can be used to carry out the ORR. Recently, these catalysts have been used as cathodes [248, 264 -266] of microfl uidic fuel cells, showing that they can indeed avoid the production of the mixed potential at high concentrations of fuel.
The performance of the LFFC depends on the orientation and position of the cell [257, 268] . The gravity effects on these systems have been studied through a coupled computational fl uid dynamics (CFD)/electrochemical model [268] . Airbreathing reversible microfl uidic fuel cells (RMFC) have the fl exibility that they can be used as membraneless electrolysers in either acid or alkaline medium when having a bifunctional oxygen electrode [267] . Figure 14 A depicts a link between the previous and the present sections. It presents the current potential and power density characteristics of a LFFC that uses formic acid as fuel and Pt nanoparticles supported on carbon substrate as cathode. The long chain of events that were conducted for measurements presented in Figure 14A Electrochemical evaluation of Pt/C catalyst for ORR [119, • 120] and HCOOH (from fuel crossover) oxidation [131] . Design and testing of an O • 2 -breathing LFFC that has no polymer membrane [248, 265] . Elaboration of fuel cell cathode: deposition of Pt/C catalyst • on GDL (carbon paper) by the spraying technique [265] . Fueling the LFFC with HCOOH and O • 2 . The fuel cell generates enough energy to power a small electrical motor.
Thus, an example of nanoparticles for a low temperature electrochemical energy device is given. Finally, Figure 14B shows the current potential characteristics of a LFFC operating under similar conditions but with an anode made of a foil of Pd and the LFFC with a nanostructured anode of 30 wt % Pd/C. The differences between the characteristics are overwhelming. The generated electricity of the LFFC with the nanostructured anode is capable of powering a small electrical motor, whereas the LFFC with bulk Pd depolarizes very quickly. Figure 14B very clearly justifi es the ultimate purpose of this review: how the performance of the electrochemical device can be increased by using less amounts of material, i.e., nanoparticles. The fact that a microfl uidic electrochemical device is able to produce energy for portable applications is mainly due to progress in nanotechnology.
Cathodes of Li-air batteries 5.4.
To conclude this review, one more example of electrochemical energy devices is illustrated: the Li-air battery. The maximum energy storage possible for a Li-ion battery rapidly reached its limits. Currently, Li-ion batteries are not suffi cient for the needs of society, in particular, long-range electric vehicles. Li-air (O 2 ) and Li-S batteries are two promising options [278] . The energy that can be stored in Li-air (based on aqueous or non-aqueous electrolytes) cells is noticeably quite superior to the Li-ion counterpart. Lithium can be used as an anode material for metal/air battery on the basis of an outstanding specifi c capacity (3842 mAh g -1 for lithium vs. 815 mAh g -1 for zinc and 2965 mAh g -1 for aluminum) [279] . Li-air batteries are an alternative to classical Li-ion batteries because they have a very high specifi c energy density ranging from 5789 to 11248 Wh kg -1 [280] . These values are calculated according to the product formed on discharge and the electrolyte used. In Li-air batteries, whatever the electrolyte used, Li metal is oxidized into Li + (released into the electrolyte) on discharge and the reverse process occurs on charge. Limitations associated with this type of application are mainly due to electrochemical processes occurring at the cathode. At this electrode, O 2 is reduced during discharge. The products formed during the reduction process depend on the type of electrolyte that is used. In an aprotic electrolyte Li 2 
The formation of Li 2 O allows increasing the stored energy but the oxide can be diffi cult to reverse on charging [282, 283] .
In aqueous electrolyte, the product formed during discharge depends on the pH of the electrolyte. In alkaline medium, LiOH is formed and in an acidic one H 2 O is formed according to: (27) The use of acidic electrolytes is of great interest because it could lead to the generation of higher voltages. Some challenges currently remain, blocking the large-scale production of Li-air batteries [284] . The fi rst one consists of developing porous nanostructured cathodes capable of facilitating oxygen transport. Another problem associated with Li-air batteries in non-aqueous electrolytes is the deposition of insoluble and insulating products (Li 2 O 2 and Li 2 O) in the cathode material. During the discharge process the deposition of these products is responsible for limitations of Li + ions, oxygen and electrons transport [285] . Additionally, the cathode catalyst has to be improved in order to enhance reaction kinetics and to reduce the energy loss associated with charge-discharge polarization. Two types of nanostructured catalysts are currently being developed: noble metal-based catalysts and oxide-based catalysts.
Among the oxide catalyst, α -MnO 2 [286] is the most promising one reaching a capacity of 3000 mAh g -1 in a non-aqueous electrolyte. For the same type of applications, other transition metal oxides such as Fe 3 O 4 and Co 3 O 4 have also been investigated [287] . Other effi cient noble metal-based bifunctional catalysts have recently been developed for non-aqueous Li-air batteries. The Pt/C catalyst is very effi cient for the OER and the Au/C catalyst has a remarkable activity towards the ORR. Therefore, a nanostructured Pt-Au/C catalyst developed by Lu et al. [281] turned out to be a very effi cient catalyst for the ORR in Li-air batteries. To reduce the cost of cathode materials, some non-precious catalysts containing Mn 3 O 4 oxide were also developed [288] . Additionally, it is evident that due to their low cost and high electrochemical performances towards the ORR [93] in alkaline medium, Co-chalcogenides are good candidates as catalysts for the positive electrode of Li-air batteries. Moreover, it has been shown that CoSe 2 modifi ed by Mn 3 O 4 nanoparticles, the resulting material, exhibits an unprecedented activity towards the OER in alkaline medium [289] . In fact, a current density of 10 mA cm -2 can be obtained at a very low overpotential (0.45 V). This is comparable to the performance of Co 3 O 4 /graphene composite material which is one of the most performing, durable, low cost material for the ORR currently reported [290] .
However, signifi cant diffi culties must be overcome and many issues have to be addressed to make Li-air batteries available for commercial applications. These problems include low electrolyte stability, poor round-trip effi ciency, rate capability, life cycle and, of course, the ORR catalysts. Fundamental research in understanding the reactions occurring in Li-air (O 2 ) [291] as well as in new materials is urgently required [292] .
Outlook
6.
In this review, we have presented various chemical routes of synthesis of metal centered catalysts under mild conditions at the nanoscale domain and analyzed them as active centers for reactions carried out in low temperature fuel cells. The most important conclusion is that the synthesis method should be adapted to obtain monodispersed catalyst nanoparticles with well-defi ned sizes. Furthermore, a key statement to respect is the selectivity and tolerance of the anode and/or cathode catalytic center in order to avoid, as much as possible, the crossover effect. The property of some highly tolerant catalysts was put in evidence in laminar fl ow fuel cells, where the miniaturization is a highly demanding condition to manufacture microfl uidic fuel system cells in the nanorange scale. We believe that the issues discussed in this review should be, as a central objective of contemporary catalysis research, to construct experimental models that can be directly compared with theory. One can name, e.g., interesting objectives to modify the nature of the substrate, a decrease of the loading of the catalyst based on one metal center, e.g., Pt, an alternative way to sustain molecular oxygen reduction yield to water, and chemical stability. Catalytic centers on appropriate substrates can positively infl uence ORR kinetics. Of course, there are some additional aspects such as the understanding of the electronic and geometric properties of the catalytic site. However, the ultimate goal is to decrease, as much as possible, the amount of amorphous carbon as a substrate concomitant to catalyst loading. Finally, knowledge of ORR catalysts can be translated to energy storage systems based on Li + -air. This domain is extremely important and interesting reports have started to emerge in the scientifi c literature.
